Five solid membrane sensors responsive to memantine hydrochloride (MEM) and pramipexole dihydrochloride monohydrate (PXL) are described for simple and fast determination of these drugs in pharmaceutical preparation and human plasma. The first and the second sensors are based on the formation of an ion association complex between MEM as a cationic drug with Na tetra phenyl borate and ammonium reineckate (as anionic exchanger), respectively. The third sensor is based on the formation of an ion association complex between PXL with ammonium reineckate. The produced electroactive material is dispersed in PVC matrix. While the other fourth and fifth sensors are based on using functionalized lipophilic cyclodextrin derivative (2-hydroxypropyl-β-cyclodextrin) as sensor ionophore for the determination of MEM and PXL. The performance characteristics of these sensors-evaluated according to IUPAC recommendations-reveal fast, stable and near Nernstian response for 1x10 -4 -1x10 -1
Introduction
Parkinson's disease is the most common neurodegenerative movement disorder disease, which affects the part of the brain that controls muscle movement. The major clinical symptoms include rigidity, tremors and slowed movement. These symptoms respond well to dopaminergic therapy [1] . Memantine hydrochloride (MEM) and pramipexol dihydrochloride monohydrate (PXL) are CNS acting drugs. They are used for treatment of Parkinson's disease. MEM produces its effect through the blockade of current through channels of N-methyl-D-aspartate receptors broadly involved in brain function, while PXL is a dopamine agonist recently approved for the early and advanced Parkinson's disease [2] . Different techniques are used for the determination of MEM, including HPLC [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , gas chromatography coupled to mass spectrometry (GC-MS) [16] , capillary zone electrophoresis [17] [18] , potentiometry [19] , polarography [20] and spectrophotometry [21, 22] , while PXL can be quantitatively estimated by HPLC [23] [24] [25] [26] [27] [28] [29] , GC-MS [30] , capillary zone electrophoresis [31] and spectrophotometric methods [32] [33] [34] . The aim of this work is to develop simple membrane sensors that can be used for the determination of MEM and PXL as a pure drug, in pharmaceutical dosage forms and in spiked human plasma.
Experimental

Apparatus
All potentiometric measurements were made at 25 °C. A Jenway digital ion analyzer model 3503 (Essex, UK) with Ag/AgCl double junction reference electrode No. Z113107-1EAPW (Steinhum, Germany) was used. The influence of pH on the response of the electrodes was studied using a pH glass electrode Jenway (Jenway, UK) No. 924005-BO3-Q11C. The determination of the samples occurred using a magnetic stirrer, Bandelin Sonorox, Rx510S (Budapest, Hungaria). Silver wire of 1.0 mm diameter was purchased from Fluka (Steinheim, Germany) and used as internal reference electrode in the constructed electrodes.
Pure samples -Memantine hydrochloride: kindly supplied by SIGMA Co., Cairo, Egypt. The purity of MEM was found to be 99.04±0.717 according to reported method [22] . -Pramipexol dihydrochloride monohydrate: kindly supplied by EVA PHARM Co., Cairo, Egypt. The purity of PXL was found to be 99.29±0.611 according to reported method [32] . 
Market samples
Reagents
All chemicals and solvents used were of analytical grade (double-distilled water was used). Nitrophenyloctyl ether was purchased from Aldrich (Steinheim, Germany). Poly vinyl chloride (PVC) high molecular weight, Poly vinyl chloride carboxylated (PVC-COOH) high molecular weight, β -cyclodextrin (β-CD), 2-hydroxypropyl-β -cyclodextrin (2-HP-β-CD), Ammonium reineckate, Tetra phenylborate and Dibutyle sebathate were purchased from Fluka (Steinheim, Germany), while Terahydrofuran, 99% was obtained from BDH (Poole, England). KCl, HCl and NaOH were obtained from Prolabo (Pennsylvania, USA). Fresh human plasma obtained from blood bank (VACSERA, Cairo, Egypt) was used within 24 h. Acetate buffer pH 6.0 and pH 4.0 were prepared according to BP [35] .
Standard solutions for linearity -Stock solutions of MEM and PXL (1x10 -1 M) and working solutions of MEM (1x10 -2 -1x10 -4 M) and PXL (1x10 -2 -1x10 -6 M) were prepared in acetate buffer and in double distilled water.
Procedures
Preparation of memantine HCl ion exchangers: (sensors 1 and 2)
The ion-pair complexes of MEM-tetraphenylborate and MEM-ammonium reineckate were prepared by slow addition of 20 mL 1x10 -2 M aqueous solution of MEM to 20 mL 1x10 -2 M Na-tetraphenyl borate solution (sensor 1) or ammonium reineckate solution (sensor 2) with stirring. The resulting precipitates were filtered using Whatmann No 42 filter paper, washed with cold water, dried at room temperature (about 25 °C) and grinded to fine powders. In a Petri dish (5 cm diameter), 0.01 g of ion pair complexes was mixed thoroughly with 0.19 g of PVC, 0.35 g nitrophenyloctyl ether and 5 mL THF. The dish was covered with a filter paper and left to stand overnight to allow slow evaporation of the solvent forming the master membrane with 0.1 mm thickness [36] .
Preparation of 2-hydroxypropyl-β-cyclodextrin (2-HP-βCD) membrane (sensors 3 and 4)
0.04 g 2-HP-βCD, 0.4 g nitrophenyloctyl ether (sensor 3) or 0.4 g dibutyl sebacate (sensor 4) and 0.18 gm PVC-COOH were mixed and dissolved with 5 mL THF in a Petri dish (5 cm diameter). The dish was covered with a filter paper and left to stand overnight to allow slow evaporation of the solvent forming the master membrane with 0.1 mm thickness.
Preparation of pramipexole dihydrochloride monohydrate ion exchanger: (sensor 5)
The ion-pair complex of pramipexole -ammonium reineckate was prepared by slow addition of 20 Electrode assembly A disk of appropriate diameter (about 8 mm) was cut from the previously prepared master membranes and cemented to the flat end of the PVC tubing with an adhesive of PVC dissolved in tetrahydrofuran. The other end of the PVC tubing was cemented to an appropriate glass outer casing. A mixture of equal volumes of 1x10 -2 M MEM or 1x10 -2 M PXL with 1x10 -2 M potassium chloride was used as an internal reference solution for the determination of MEM or PXL, respectively. The membranes were conditioned by soaking in 1x10 -2 M drug solution for 24 hours and stored in the same solution when not in use.
Sensors calibration
The prepared sensors were immersed in conjunction with the double junction Ag/AgCl reference electrode in working solutions of MEM or PXL in the range of 1x10 -4 -1x10 -1 M or 1x10 -6 -1x10 -2 M, respectively. The membrane sensors were washed between measurements with double distilled water. The emfs were recorded as a function of the drug concentrations, then the calibration graphs of the recorded potentials vs. -log drug concentrations were plotted. These calibration graphs or the computed regression equations for the linear part of the curves were used for the subsequent determination of unknown concentrations of MEM or PXL.
Application to pharmaceutical formulations -For MEM: Fifteen tablets of the drug formulation were accurately weighed and powdered. An accurately weighed portion of the powder equivalent to 0.215 gm MEM was dissolved in 100 mL acetate buffer to prepare 1x10 -2 M solution; then serial dilution to 1x10 -4 M was done. -For PXL: Thirty tablets of the drug formulation were accurately weighed and powdered. An accurately weighed portion of the powder equivalent to 0.003 gm PXL was dissolved in 100 mL water to prepare 1x10 -4 M solution; then serial dilution to 1x10 -6 M was done. The emf produced by immersing the prepared electrodes in conjunction with the double junction Ag/AgCl reference electrode in the prepared solutions was recorded and the concentration of the drugs was computed from the corresponding regression equations.
Application to human plasma
Accurately weighed portions of pure drug of MEM and PXL were weighed and dissolved in 50 mL human plasma to obtain 1x10 -2 M drug solution; then serial dilution was made followed by recording the emfs produced by immersing the prepared electrodes in conjunction with the double junction Ag/AgCl reference electrode in the prepared solutions, and the concentration of MEM or PXL was computed from the corresponding regression equation.
Results and discussion
Ion selective electrodes play an important role in pharmaceutical analysis due to their simplicity, rapidity and accuracy over some other analytical methods like spectrophotometry and HPLC [36] . In addition, analytes in colored, turbid and viscous samples can be determined accurately using ion selective electrodes. They show rapid response to changes in the concentration. Furthermore, they may be used for the measurement over a wide concentration range. Ion selective electrodes are generally tolerant to small changes of pH. A further advantage is that they are relatively simple and not expensive to develop, set up and run. In the present work, MEM is a tricyclic amine structure ( Fig. 1 ) that does not have any conjugation, therefore exhibiting a very poor UV absorption. Determination of MEM using spectrophotometric or HPLC methods requires derivatization which increases the difficulty of the method. Reviewing the literature shows that only one ion selective membrane electrode method was reported for the determination of MEM [19] and no electrodes were reported for PXL (Fig. 2 ). (20) (21) (22) (23) (24) (25) o C). * Calculated by using 4 points. ** Calculated by using 5 points.
MEM and PXL behave as cations, due to the presence of primary, or primary and secondary, amine functional group in MEM or PXL, respectively. Therefore, tetraphenylborate and ammonium reineckate as anionic exchangers were used for construction of water insoluble ion-association complexes with these drugs (sensors 1, 2 and 5). To investigate the effect of incorporation of hydroxypropyl-ß-cyclodextrin on the interaction properties between host and guest molecules, two other sensors (sensors 3 and 4) utilizing 2-hydroxypropyl-ß-cyclodextrinbased technique were prepared and comparison of the results obtained with all membranes was done. MEM reacts with tetraphenylborate and ammonium reineckate to form water insoluble 1:1 drug-ion association complexes, while PXL reacts with ammonium reineckate to form 1:2 association complex, as confirmed by elemental analysis, Table 1 . This indicates that MEM and PXL behave as a univalent and bivalent species, respectively. In this study, PVC was used in the fabrication of sensors 1, 2 and 5, while PVC-COOH with HP-β-CD was used in fabrication of the other proposed sensors (3 and 4). Nevertheless, the use of PVC or PVC-COOH creates a need for plasticization and places a constraint on the choice of the mediator [37] . Plasticizers play an important role in the behaviour of polymeric membrane ion selective electrodes. The introduction of polar or polarisable groups into membranes reduces the rate of exudation and therefore the loss of membrane components by their migration to the aqueous phase, which reduces the selectivity of membranes. Additionally, plasticizer viscosity and dielectric constant should be adequate. It is well known that the sensitivity and selectivity of ion-selective electrodes strongly depend on the membrane compositions and the nature of the plasticizer used [38] . The nature of the plasticizer influences the dielectric constant of the membrane phase, the mobility of the ionophore molecules, and the forms of the ligands [39] . The effect of plasticizers was investigated using dibutyl sebathate and o-nitrophenyloctyl ether for the preparation of the proposed sensors. The electrochemical performance characteristics of the sensors were systematically evaluated according to IUPAC recommendations [40] . According to the results obtained, o-nitrophenyloctyl ether was found to be the most effective. This indicates that o-nitrophenyloctyl ether adjusts both the membrane permitivity and the mobility of the ion-exchanger sites to facilitate the inclusion of organic molecules by competitive inclusion and gives the optimal selectivity and sensitivity [41] . Polar plasticizers (o-nitrophenyloctyl ether) were reported to make the membrane more selective compared with nonpolar plasticizers (dibutyl sebathate) [42] . Therefore, sensor 1 is superior than that prepared by Ganjali et al. [19] for the determination of MEM through ion pair complexation between MEM and tetraphenylborate using dibutyl phthalate as a plasticizer. The response characteristics of the investigated sensors for memantine HCl and pramipexole dihydrochloride are summarized in Table 2 . The sensors displayed constant potential readings within ±2 mV from day to day and the calibration slopes did not change by more than ±2 mV per decade over a period of 30 and 21 days for MEM and PXL sensors, respectively. The time required for the sensors to reach values within ±1 mV of the final equilibrium potential after increasing drug concentration 10 folds was found to be 10 to 20 seconds for MEM and PXL sensors, respectively. The slopes of calibration plots were 59.34, 59.13, 57.80 and 29.98, 28.69 for sensors 1-5, respectively. Deviation from Nernestian slope (60 or 30 mV) stems from the fact that the electrode responds to the activity of drug cation rather than its concentrations. Each value is the average of the three determinations. All interferents are in the form of 1 x 10 -3 M solution. * using sensor 1, ** using sensor 2, *** using sensor 3
The effect of pH on the potential values of the five electrodes systems over different pH range at 0.5 pH intervals was studied by immersing the electrode in 1x10 -4 and 1x10 -3 M aqueous solutions of MEM or PXL, respectively, and gradually increasing or decreasing the pH by adding aliquots of diluted sodium hydroxide or hydrochloric acid solutions, respectively, with constant stirring. The results obtained are shown in Fig. 3 . Table 2 shows the optimum pH for each proposed sensor. Upon studying the effect of temperature, the proposed sensors exhibit slight gradual increase in their potentials as the temperature increases in the range 25- The selectivity coefficients of MEM and PXL were determined using the separate solution method [43] , where potentials were measured for 10 -3 M aqueous MEM or PXL solution and then for 1x10 -3 interfering aqueous solution, separately; then the selectivity coefficients were calculated from the following equation [44] : log (K primary ion, interferent ) = E 2 -E 1 / S where E 1 and E 2 are the potential readings observed after one minute from exposing the electrodes to the same concentration of the studied drug and the interferent, respectively, and S is the slope of the investigated sensor (mV/ concentration decade). Figures between parenthesis are the corresponding tabulated values (p=0.05).* Spectrophotometric method using 4, chloro-7-nitro-2, 1, 3-benzoxadiazole (NBD-Cl) in borate buffer pH 8.6 followed by measuring absorbance at 475 nm.** Direct spectrophotometric method at 260 nm.
The small values of selectivity coefficient show no interference from these additives, indicating reasonable selectivity for MEM and PXL, Table 3 . Although the incorporation of HP-β-CD was expected to increase the accuracy and selectivity of sensors 3 and 5, the results shown in Table 2 show that there is no significant difference in accuracy. Also, the selectivity coefficients shown in Table 3 show that sensor 5 is slightly more selective than sensor 4 for the determination of PXL, while there is no difference in selectivity between sensor 3 and sensors 1 and 2 for the determination of MEM. The proposed sensors were successfully applied for the determination MEM and PXL in their pharmaceutical dosage forms (Memexa® tablets and Ramixole ® tablet). The obtained results are listed in Tables 4 and 5 . The validity of the proposed sensors was assessed by applying the standard addition technique and satisfactory results were obtained, Tables 4 and 5.  Table 6 shows the results obtained for the determination of MEM or PXL in spiked human plasma samples. It is clear from the results that a wide concentration range of the studied drugs could be determined by the investigated sensors and they gave stable results in slopes and mV reading as revealed by high precision and accuracy recovery results of spiked plasma samples. It is also clear from the results in Table 6 that PXL can be determined in lower concentration 0.284 µg/mL (1x10 -6 M) than MEM. It should be noted that the reported paper by Ganjali et al. [19] did not investigate the suitability of the sensors for the determination of MEM in plasma, which is the first choice biological fluid that can be used for studying the pharmacokinetics, bioavailability and bioequivalence of the drugs. Statistical comparison between the results obtained by applying the proposed sensors for the determination of MEM or PXL in the pure powder form and those obtained by applying the manufacturer methods was also done and no significant difference was found at p = 0.05, Table 7 .
Conclusion
The use of the proposed sensors offers the advantage of fast response, being capable of determining the studied drugs with reasonable selectivity, high stability, low cost, elimination of drug pretreatment or separation steps, over a wide concentration and pH range and also they provide a good solution for the low UV absorption of MEM. MEM and PXL can be successfully determined in pure powder, in dosage form and in human plasma using the proposed sensors. They can therefore be used for the routine analysis of the cited drugs in quality control laboratories or as a detector in HPLC method for determination of MEM instead of prior derivatization of MEM before injection.
